Abstract: Leptin-deficient ob/ob mice are resistant to dextran sulfate sodium (DSS)-induced colitis and Concanavalin A (Con A)-induced hepatitis. However, the signal transduction pathways involved have not been identified. The present study investigated the effect of leptin-induced STAT3 signaling in the DSS and Con A models. Mice carrying a leptin receptor (LEPR) gene mutant for Y1138 (s/s mice), with abrogated leptin-induced STAT3 signaling, were compared with wild-type (WT) and LEPR-deficient db/db mice. Administration of DSS to s/s mice resulted in a clinical score and colon shortening of intermediate severity compared with disease induced in WT and db/db mice-the latter group having the lowest disease severity. A comparable degree of inflammatory infiltrate and epithelial damage was observed in the colon of WT and s/s mice, and these parameters were reduced in db/db mice. Levels of IFN-␥, IL-6, IL-10, and TNF-␣ were comparable in the colon of s/s and db/db mice, and a similar trend was observed for CXCL2. s/s and WT mice developed severe liver disease in response to Con A, whereas db/db mice were protected. However, Con A-induced serum IL-6 and TNF-␣ levels in s/s mice mimicked levels observed in db/db rather than WT mice. In conclusion, lack of leptin-induced STAT3 signaling is associated with reduced cytokine production following DSS and Con A administration, but it appears to sensitize mice to the effects of proinflammatory mediators. J. Leukoc. Biol. 85: 491-496; 2009.
INTRODUCTION
Leptin is produced and secreted predominantly by adipocytes and is therefore classified as an adipokine [1] . Most well known for its control of appetite, leptin is also involved in the regulation of metabolic, endocrine, and immune functions [1, 2] . The importance of leptin in maintaining cellularity and function of the immune system has been characterized extensively, particularly in models of autoimmunity and inflammation [3, 4] .
Leptin exerts its effects by binding to the long form of the leptin receptor (LEPR), the only isoform that is capable of intracellular signaling through activation of tyrosine residues [5] . Having structural and functional similarities with members of the long-chain helical cytokines, such as IL-6 and IL-12, leptin is considered a proinflammatory cytokine, and its receptor is related to class I cytokine receptors, the common signaltransducing component for the IL-6-related family of cytokines [2, 6, 7] . Activation of LEPR results in autophosphorylation of Janus kinase (JAK) 2, which leads to phosphorylation of tyrosine residues 985, 1077, and 1138 in LEPR. When activated, each of the three tyrosine phosphorylation sites recruits specific downstream signaling proteins, which mediate leptin's signaling [3, 8] . P-Y985 recruits tyrosine phosphatase Src homology 2 domain-containing tyrosine phosphatase 2 (SHP-2), which induces ERK1/2 [3, 9] . In addition, suppressor of cytokine signaling (SOCS) 3 binds to P-Y985, contributing to attenuation of LEPR signaling [10, 11] . P-Y1077 contributes to downstream signaling through transcriptional activation of signal transducer and activator of transcription (STAT) 5 [10] . P-Y1138 recruits STAT3, a cytokine-regulated transcription factor involved in immune function, resulting in its phosphorylation and nuclear translocation [8] .
In addition to being obese, leptin (ob/ob)-and LEPR (db/ db)-deficient mice have alterations in immune and inflammatory responses [12] . In particular, ob/ob mice exhibit reduced disease severity in the experimental model of intestinal inflammation induced by dextran sulfate sodium (DSS) and in Concanavalin A (Con A)-induced autoimmune hepatitis [13, 14] . However, the signal transduction pathways associating lack of leptin to protection in these two different models are not fully understood. In an attempt to clarify these mechanisms, we used knock-in mice that have a mutation in the Y1138 residue of LEPR (s/s mice), which disrupts leptin-induced STAT3 signaling but allows leptin to signal through Y985 and Y1077 effectively [15] . Similar to db/db mice, s/s mice are hyperphagic and develop early-onset obesity with hepatic steatosis, secondary to lack of STAT3-mediated leptin signaling in hypothalamic neurons [15] .
To evaluate the involvement of leptin-mediated STAT3 signaling in regulating inflammation, we compared the response of s/s mice with that of their lean wild-type (WT) littermates and of db/db mice, which are completely unable to signal through LEPR, in the models of DSS-induced colitis and Con A-induced hepatitis.
MATERIALS AND METHODS

Mice
Care of mice followed institutional guidelines under a protocol approved by the Institutional Animal Care and Use Committee at the University of Illinois at Chicago (Chicago, IL, USA). All mice used in these experiments were on a C57BL6 background. s/s mice were generated as described previously [15] . Ten-week-old male and female s/s mice and their lean WT littermates fed a regular chow were used for the experiments. Mice were genotyped by real-time PCR using specific primers [8] and the TaqMan system (Applied Biosystems, Foster City, CA, USA). Age-and sex-matched db/db mice were obtained from The Jackson Laboratory (Bar Harbor, ME, USA). As reported previously, s/s and db/db mice were markedly obese as a result of severe hyperphagia, secondary to lack of STAT3-mediated leptin signaling in the hypothalamus [15] .
Induction and evaluation of colitis
Mice were given 3% DSS (MW 40 kDa; MP Biochemicals, Solon, OH, USA), dissolved in drinking water ad libitum for 5 days, followed by 5 days of normal drinking water, resulting in a 10-day experimental period [13] . Control mice were given normal drinking water without DSS. A clinical score (0 -12) described previously, which takes into account body weight loss, diarrhea, and blood in the stools, was assessed daily to quantify clinical disease [16] . Postmortem, the entire colon was excised from the cecum to the anus, and colon length was recorded as a marker of inflammation [17] . A 0.05-to 1-cm segment of the transverse colon was fixed in 10% buffered formalin overnight for histological analysis. Paraffin sections (5 m) were stained with H&E. A histological score, consisting of inflammatory cell infiltrate (0 -3) and epithelial damage (0 -3), was evaluated in a blinded manner by a pathologist as described previously [18] .
Cytokine and chemokine measurement in DSSinduced colitis
Duplicate segments of the transverse colon were excised, cut longitudinally, and washed in PBS containing 1% penicillin and streptomycin. The pieces of colon were placed in 24-well culture plates containing 1 ml RPMI with 1% penicillin and streptomycin and incubated at 37°C for 24 h. Colon culture supernatants were then harvested and assayed for cytokines and chemokines by ELISA kits from BD Bioscience (San Jose, CA, USA) and eBioscience (San Diego, CA, USA). Protein concentration of the supernatant was quantified using the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA, USA). Cytokine expression was measured in the colon by real-time RT-PCR using specific primers for IFN-␥, IL-6, IL-10, TNF-␣, and CXCL2 and the TaqMan system (Applied Bioscience).
Induction of hepatitis
Con A (Sigma Chemical Co., St. Louis, MO, USA) was reconstituted in pyrogen-free PBS at 2 mg/ml. Mice were injected i.v. in the tail vein with 200 g Con A. Control mice received an equal amount of PBS. Blood was obtained from the retro-orbital plexus at 1.5 h and 24 h after Con A administration, and serum was prepared. Serum levels of alanine aminotransferase (ALT) were determined using a colorimetric endpoint method (TECO Diagnostics, Anaheim, CA, USA). Serum levels of TNF-␣ and IL-6 were measured using ELISA kits from eBioscience. A histological score was blindly calculated on liver sections as follows: 0 -3 for inflammatory infiltrate; 0 -3 for extent of necrosis; 0 -3 for extent of steatosis; and 0 ϭ no involvement; 1 ϭ mild; 2 ϭ moderate; and 3 ϭ severe for each of the three parameters.
Statistical analysis
Statistical significance was determined by ANOVA using Fisher's least significant difference. Error bars represent the SEM (ϮSEM). Statistical analyses were performed using XLStat software (Addinsoft, Brooklyn, NY, USA). Differences were considered significant for P Ͻ 0.05.
RESULTS
DSS-induced colitis in s/s mice
To investigate whether leptin-induced STAT3 signaling regulates colonic inflammation, we compared the response of s/s mice with that of their WT littermates and of LEPR-deficient db/db mice in the DSS model of colitis. Throughout the 10-day experiment, a clinical score was calculated to quantify disease severity by weight loss, diarrhea, and blood in stools. Beginning on Day 3 of DSS administration, WT and s/s mice started to show signs of disease activity (Fig. 1) . Similar to data reported previously, obtained in ob/ob mice [13] , db/db mice started to show minor signs of disease on Day 4 and began recovery after Day 5. The clinical score of db/db mice was significantly lower compared with that of WT mice beginning on Day 5 and throughout the remaining experiment. The clinical score of s/s mice was intermediate between that of WT and db/db mice and is significantly lower than the score of WT mice beginning on Day 5 but significantly higher than that of db/db mice beginning on Day 6 until completion of the experiment on Day 10 ( Fig. 1) .
Colon shortening is a typical sign of inflammation in DSSinduced colitis and correlates with disease severity [17] . DSStreated WT mice exhibited a 28.9% reduction in colon length, and colon shortening in db/db mice was only 1.3%, similar to data obtained previously in ob/ob mice [13] . A 13.8% reduction in colon length was observed in DSS-treated s/s mice ( Table  1) , confirming the intermediate phenotype of these mice.
However, a different pattern was observed when histological analysis of colon sections was performed (Fig. 2) . In fact, at the end of the 10-day DSS experiment, s/s mice had a histological score comparable with that of WT mice, whereas a significantly lower score-in terms of inflammatory infiltrate and epithelial damage-was present in db/db mice, in agreement with previous data obtained in ob/ob mice [13] .
Cytokine levels in DSS-induced colitis in s/s mice
We have demonstrated previously a role for leptin in regulating colonic cytokine expression in the DSS model using ob/ob mice [13] . The effect of leptin-induced STAT3 signaling on cytokine production by colonic tissue after DSS was evaluated. Colon segments from each mouse were cultured overnight, and the spontaneous release of IFN-␥, IL-6, IL-10, TNF-␣, and CXCL2 was determined by analyzing supernatants (Fig. 3) . The total colon culture system was used to allow the evaluation of cytokines produced spontaneously by the entire intestine under inflammatory conditions [13] . As observed previously in ob/ob mice [13] , db/db mice produced significantly lower levels of IFN-␥, IL-6, IL-10, TNF-␣, and CXCL2 compared with WT mice when given DSS. Cytokine release from colonic tissue of s/s mice was not significantly different from that of db/db mice, with the sole exception of CXCL2, which, however, followed a similar trend as the other cytokines (Fig. 3) . Expression of IFN-␥, IL-6, IL-10, TNF-␣, and CXCL2 mRNA was measured by real-time RT-PCR and is displayed in Table 2 . Expression of IFN-␥, IL-6, and TNF-␣ in the colon of db/db and s/s mice was significantly lower compared with WT colons, in agreement with that observed at the protein level. A similar trend was observed for IL-10 and CXCL2, although for these two cytokines, the difference did not reach statistical significance. Whereas at the protein level, IL-6 and TNF-␣ were comparable in the colon of s/s and db/db mice, mRNA expression of these cytokines was significantly lower in db/db mice compared with s/s mice. Thus, leptin-induced STAT3 signaling appears to be important for cytokine production in response to DSS.
Con A-induced hepatitis in s/s mice
Previous reports have shown that leptin deficiency protects mice from Con A-induced hepatitis [7, 14] . To evaluate whether leptin-induced STAT3 signaling is involved in the decreased response of ob/ob mice to Con A, we induced hepatitis by injecting Con A in s/s, WT, and db/db mice. As anticipated based on previous data obtained in ob/ob mice [7, 14] , serum ALT levels in WT mice were significantly higher (65%) compared with db/db mice at 24 h after Con A, the peak elevation time of serum ALT in this model [19, 20] (Fig. 4) .
Serum ALT levels in s/s mice were not significantly different from those of WT mice and were significantly higher compared with db/db mice. In agreement with ALT data, histological analysis of liver sections indicated a significantly lower necrosis score in db/db compared with WT and s/s mice injected with Con A (Fig. 5, B and D) . However, a similar degree of inflammatory infiltrate was observed in all groups (Fig. 5, A  and D) . As a result of lack of leptin signaling in the brain of db/db mice and consequent massive obesity with insulin resistance, a high degree of hepatic steatosis is present in these animals compared with lean mice [21] . A similar degree of hepatic steatosis was present in vehicle-injected s/s and db/db mice, which are both obese compared with lean WT mice (Fig.  5, C and D) . The extent of steatosis was reduced in s/s mice after Con A treatment but remained high in the db/db mice. We have shown previously that leptin deficiency, rather than obesity, is responsible for protection in Con A-induced hepatitis [14] . The present data thus suggest that leptin-induced STAT3 signaling is not the mechanism linking leptin deficiency to protection in the Con A-induced model.
Cytokine levels in Con A-induced hepatitis in s/s mice db/db and s/s mice had significantly lower systemic levels of IL-6 and TNF-␣ compared with WT mice at 1.5 h post-Con A (Fig. 6A) . In all three groups, TNF-␣ levels returned to baseline at 24 h, whereas IL-6 levels were still elevated in WT mice compared with s/s and db/db mice at 24 h (Fig. 6B) . Levels of IFN-␥ followed a similar trend and were significantly higher in WT compared with s/s and db/db mice (data not shown). Thus, s/s mice developed severe liver damage in response to Con A, despite producing low levels of cytokines.
DISCUSSION
We demonstrated previously that absence of leptin in ob/ob mice is protective against development of DSS-induced intestinal inflammation and Con A-induced hepatitis [13, 14] . Using s/s mice in the present report, we investigated the role of leptin-induced STAT3 signaling in these same models. Our data indicate that STAT3 activation by leptin is critical for modulation of cytokine production in response to DSS and Con A. However, the increased disease severity of s/s mice compared with db/db mice suggests that leptin-induced signaling pathways, independent of STAT3, are involved in disease pathogenesis in the DSS and Con A models. Although signaling through STAT3 mediates leptin's effects on food intake, hepatic glucose production, and gonadotropin secretion [22] , control of adipose tissue lipogenesis and arterial neointima formation by leptin is STAT3-independent [23, 24] . The present report indicates that regulation of IFN-␥, IL-6, IL-10, and TNF-␣ by leptin in response to DSS and Con A is mediated largely by the STAT3 pathway, as levels of these cytokines in s/s mice were comparable with those observed in db/db mice. mRNA expression of IFN-␥, IL-6, and TNF-␣ in the colon was also lower in s/s compared with WT and thus, appears to be regulated, at least in part, by leptin-induced STAT3 signaling. Release of CXCL2, as well as expression of CXCL2 and IL-10, followed this trend as well.
Despite reduced production of cytokines that are known to mediate disease pathogenesis in the DSS and Con A models, severity of disease in s/s mice was significantly higher than in db/db mice in both models. In fact, both colonic and hepatic histological scores were comparable between WT and s/s mice and significantly lower in db/db mice in response to DSS or Con A. Furthermore, disease activity score and colon shortening in response to DSS as well as serum ALT levels in response to Con A were significantly higher in s/s compared with db/db mice. These observations, coupled with data indicating reduced cytokine production in s/s mice, suggest that the lack of leptin's induced STAT3 signaling sensitizes mice to the deleterious effects of proinflammatory mediators. The STAT3 pathway is one of the major signaling pathways involved in translating cytokine signals into gene expression programs regulating proliferation and differentiation of immune cells [25] . The critical role of STAT3 signaling in alleviating inflammation is demonstrated by the outcome of selective deficiency of STAT3 in immune or endothelial cells, which leads to increased sensitivity to endotoxin challenge and development of sponta- neous colitis in mice [26 -28] . The STAT3 pathway is also critical in mediating the hepatic anti-inflammatory response in the model of Con A-induced hepatitis [29] .
Among other targets, leptin-induced STAT3 phopshorylation induces transcription of SOCS3, which attenuates overall leptin signaling [30] . Lack of this negative, SOCS3-mediated feedback inhibition in s/s mice likely leads to prolonged LEPR stimulation through Y985 and Y1077, providing a possible explanation for increased sensitivity to the pathological effects of inflammatory mediators after DSS and Con A administration. Because of the general anti-inflammatory nature of STAT3-activated responses [31] , it is likely that lack of leptin-induced STAT3 signaling may lead to overactivation of the PI-3K and MAPK pathways, known to mediate some of the proinflammatory activities of leptin [32] .
In conclusion, data presented in this report indicate that leptin-induced STAT3 signaling is largely involved in regulating cytokine production by leptin in response to DSS and Con A. However, leptin-induced STAT3 signaling does not appear to be essential in disease pathogenesis of DSS-induced colitis or Con A-induced hepatitis and appears to sensitize mice to the deleterious effects of proinflammatory mediators.
